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The arterivirus equine arteritis virus nonstructural protein 10 (nsplO) has previously been predicted to 
contain a Zn finger structure linked to a superfamily 1 (SF1) helicase domain. A recombinant form of nsplO, 
MBP-nsplO, was produced in Escherichia coli as a fusion protein with the maltose-binding protein. The protein 
was partially purified by affinity chromatography and shown to have ATPase activity that was strongly stim¬ 
ulated by poly(dT), poly(U), and poly(dA) but not by poly(G). The protein also had both RNA and DNA 
duplex-unwinding activities that required the presence of 5' single-stranded regions on the partial-duplex sub¬ 
strates, indicating a 5'-to-3' polarity in the unwinding reaction. Results of this study suggest a close functional 
relationship between the arterivirus nsplO and the coronavirus helicase, for which NTPase and duplex-un- 
winding activities were recently demonstrated. In a number of biochemical properties, both arterivirus and 
coronavirus SF1 helicases differ significantly from the previously characterized RNA virus SF1 and SF2 en¬ 
zymes. Thus, the combined data strongly support the idea that nidovirus helicases may represent a separate 
group of RNA virus-encoded helicases with distinct properties. 


Equine arteritis virus (EAV) is the prototype of the Arteri- 
viridae, a family of positive-stranded, enveloped RNA viruses 
which also includes Lactate dehydrogenase-elevating virus, Por¬ 
cine reproductive and respiratory syndrome virus, and Simian 
haemorrhagic fever virus (for a review, see 47). A common an¬ 
cestry of the Arteriviridae and Coronaviridae seems probable 
(6), and, consequently, the two families have been united in the 
order Nidovirales (3). The phylogenetic relationship between 
arteri- and coronaviruses is most evident from the organization 
and expression of their replicase genes. Thus, for example, 
both arteri- and coronaviruses (i) encode a very similar array of 
functional domains in their replicase genes, (ii) use ribosomal 
frameshifting to express key replicative functions, (iii) control 
the activity of the individual subunits of the viral replication 
and transcription machinery by extensive proteolytic process¬ 
ing of large protein precursors, and (iv) use a discontinuous 
transcription mechanism to produce a nested set of subgeno- 
mic (sg) mRNAs for structural gene expression (3, 8). 

The EAV replicase gene comprises the 5'-terminal three- 
fourths of the 12.7-kb genome and is composed of two open 
reading frames (ORFs), ORFla and ORFlb (6). The up¬ 
stream ORFla encodes the ORFla protein (187 kDa), and 
ORFla and ORFlb together encode the ORFlab protein (345 
kDa). Expression of the ORFlb-encoded part of the ORFlab 
protein involves a ribosomal frameshift in the ORFla-lb over¬ 
lap region during translation of the genomic RNA (6). The 
primary translation products, which are also called replicase 
polyproteins, are extensively processed by three virus-encoded 
proteinases to produce 12 mature proteins (nonstructural pro¬ 
tein 1 [nspl] to nspl2), as well as multiple processing interme¬ 
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diates (for a recent review, see 63). To date, specific functions 
have been assigned to only a few of these proteins. Thus, for 
example, nspl, nsp2, and nsp4 harbor proteolytic activities 
(48-50), and the hydrophobic domains present in nsp2, nsp3, 
and nsp5 have been found to direct the viral replication and 
transcription complexes to intracellular membranes of the en¬ 
doplasmic reticulum and intermediate compartment (40, 52). 
The ORFlb-encoded part of the ORFlab protein is believed 
to contain functions essential for viral RNA replication and sg 
mRNA transcription (6). Its processing by the nsp4 serine 
proteinase yields four end products (nsp9 through nspl2), in¬ 
cluding those that carry the putative RNA-dependent RNA 
polymerase (nsp9) and nucleoside triphosphatase (NTPase)- 
helicase (nsplO) activities (54, 56). 

Besides the RNA-dependent RNA polymerase domain, the 
helicase is the most conserved component of the nidovirus 
RNA synthesis machinery (12-14, 16, 29) and has therefore 
attracted much attention (53-57). The arterivirus helicase is 
amino terminally linked to a putative Zn finger structure (6). 
This combination of a Zn finger structure with a helicase do¬ 
main is also found in the related coronavirus helicases (7, 17, 
23) and a number of cellular and viral helicases (9, 25, 34, 39, 
58). Recently, genetic evidence was obtained to show that both 
the Zn finger itself and the region connecting the Zn finger to 
the carboxyl proximal part of nsplO (“hinge spacer”) are crit¬ 
ically involved in different processes of the EAV life cycle, 
including genome replication, mRNA transcription, and pos¬ 
sibly also virion biogenesis (53, 55, 57). 

The arterivirus helicase domain has been classified as be¬ 
longing to helicase superfamily 1 (SF1) (27). Putative SF1 
helicases are extremely widespread among positive-stranded 
RNA viruses. Based on sequence comparisons, they have also 
been identified in a variety of plant virus families, as well as 
alpha-, rubi-, hepatitis E, and coronaviruses (13, 14, 16). Sim¬ 
ilarly to EAV nsplO, a number of these viral enzymes have 
been implicated in diverse aspects of transcription and repli¬ 
cation but also in RNA stability and cell-to-cell movement (5, 
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24, 30, 36-38, 41, 44). However, despite their importance, 
there is very little detailed information on the enzymatic prop¬ 
erties of RNA virus SF1 helicases. Only a few proteins have 
been shown to have NTPase activity, but, in striking contrast to 
other helicases, the activity of these proteins was not signifi¬ 
cantly stimulated by homopolynucleotides (18, 23, 26, 42). Fur¬ 
thermore, numerous attempts to detect the predicted RNA 
duplex-unwinding activity of these proteins have failed. There¬ 
fore, the functional assignment of these proteins as true heli¬ 
cases, that is, nucleic acid duplex-unwinding enzymes, has been 
questioned (27). Only very recently has experimental evidence 
for duplex-unwinding activity been obtained for two viral pro¬ 
teins of this superfamily (11, 46). The biochemical character¬ 
ization of one of these proteins, the human coronavirus 229E 
(HCoV) helicase, revealed that this protein has both RNA and 
DNA duplex-unwinding activities with a preference for oligo- 
pyrimidine-tailed substrates. Furthermore and in obvious con¬ 
trast to the previously characterized RNA virus SF2 helicases, 
a 5'-to-3' polarity of the unwinding reaction has been demon¬ 
strated (46). 

The helicase domains of the three nidovirus genera, that is, 
coronaviruses, toroviruses, and arteriviruses, were previously 
proposed to represent a separate phylogenetic lineage of the 
RNA virus SF1 helicases (14, 29). It was thus tempting to 
believe that, despite the differences in their primary structures, 
the arterivirus nsplO and coronavirus helicases may have sim¬ 
ilar functional properties. To test this hypothesis, we expressed 
and purified EAV nsplO. The subsequent biochemical charac¬ 
terization revealed that the recombinant nsplO has polynucle¬ 
otide-stimulated ATPase and both RNA and DNA duplex¬ 
unwinding activities. The DNA duplex-unwinding activity was 
used to show that 5' single-stranded tails on the partial-duplex 
substrates were required for unwinding, indicating a 5'-to-3' 
polarity of the helicase activity. Taken together, the data are 
fully consistent with the recently reported coronavirus helicase 
data but stand in clear contrast to the biochemical properties 
of RNA virus SF2 helicases. 

MATERIALS AND METHODS 

Construction of bacterial expression plasmids pMal-nsplO and pMal-nsplO- 

KQ. The coding sequence of amino acids 2371 through 2837 of the EAV 
ORFlab protein followed by a translation stop codon was amplified by PCR 
from pL(2371-2837) plasmid DNA (54) and cloned into the Xmnl-Sall restric¬ 
tion sites of the bacterial expression vector pMal-c2 (New England Biolabs, 
Schwalbach, Germany). The upstream PCR primer contained anEagl restriction 
site that was introduced by replacing the wild-type Ser-2371 codon AGT with 
TCG, which also encodes Ser. The resulting plasmid, pMal-nsplO, encodes a 
fusion protein consisting of the maltose-binding protein (MBP) of Escherichia 
coli and full-length EAV nsplO. The plasmid pMal-nsplO-KQ is identical to 
pMal-nsplO, except for a single-base exchange resulting in the substitution of Gin 
for Lys-2534 in nsplO. 

Protein expression and purification. E. coli TB1 bacteria (New England Bio¬ 
labs) containing either plasmid pMal-nsplO or pMal-nsplO-KQ were grown at 
37°C in Luria-Bertani medium containing 100 pg of ampicillin per ml until they 
reached a culture density (absorbency at 595 nm ([A 595 ]) of 0.6. The expression 
of the recombinant proteins was induced by addition of 0.5 mM isopropyl-(3-D- 
thiogalactopyranoside (IPTG). Upon induction, the temperature was shifted to 
24°C. The cells were harvested after growing for another 4 h and 30 min, and the 
cell paste was suspended in column buffer (20 mM Tris-Cl [pH 8.0], 1 M NaCl, 
1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 10% glycerol) and disrupted 
by sonication as described previously (22). Tween 20 (0.1%) was added, and the 
solution was centrifuged (20,000 X g, 30 min) to produce a clear supernatant that 
was then loaded onto a column packed with amylose resin (New England Bio¬ 
labs). After extensive washing with column buffer containing 0.1% Tween 20, the 
proteins were eluted in the same buffer containing 10 mM maltose. Aliquots of 
the purified proteins were frozen on dry ice and stored at — 80°C until needed. 

Nucleoside triphosphatase assay. In the ATPase assay, 250 fmol to 4 pmol of 
the MBP-nsplO or MBP-nsplO-KQ fusion proteins was incubated in 40 pi of 
buffer N containing 20 mM HEPES-KOH (pH 7.4), 300 pM ATP, 5 mM mag¬ 
nesium acetate, 2 mM dithiothreitol, 25 pg of bovine serum albumin per ml, 
and 250 nCi of [y- 32 P]ATP (3,000 Ci/mmol). In the GTPase assay, ATP and 
[y- 32 P]ATP were replaced by 300 pM GTP and 250 nCi [y- 32 P]GTP (3,000 Ci/ 


mmol), respectively. When included, polynucleotides and polyribonucleotides 
(5.4 to 8.3 Svedberg units) were at the indicated concentrations of 1, 50, or 150 
pg/ml. The reactions were incubated at 30°C for 30 min and stopped by adding 
EDTA to a final concentration of 100 mM. The samples were analyzed by poly- 
ethyleneimine-cellulose thin-layer chromatography with 0.15 M formic acid-0.15 
M LiCl (pH 3.0) as the liquid phase. The reaction products were quantified by 
phosphorimaging of the dried chromatographic plates (ImageQuant software; 
Molecular Dynamics, Sunnyvale, Calif.). 

Preparation of duplex RNA and DNA substrates. For 5'-RNA2, two oligonu¬ 
cleotides, 5'-R2a (5'-CGTTGGCGCGCTAATACGACTCACTATAGGGATC 
CCTTTAGTGAGGGTTAATTGCGCGCGTTGC-3') and 5'-R2b (5'-GCAAC 
GCGCGCAATTAACCCTCACTAAAGGGATCCCTATAGTGAGTCGTAT 
TAGCGCGCCAACG-3'), were annealed, digested with BssHll, and ligated 
with the large fragment of B^HII-digested pBluescript II KS( + ) DNA. 
The resultant plasmid was designated pBS-65/66. Next, two oligonucleotides, 
5'-R2c [5'-GATC-d(pT) 15 -CTAGAACCGCTGCGGCTGGATCCCG-3'] and 
5'-R2d [ 5' -CGGGATCCAGCCGCAGCGGTTCTAG-d(pA) 15 -GATC-3'], were 
annealed, digested with BamHl, and ligated with BaraHI-digested pBS-65/66. 
The resultant plasmid was linearized with either BamHl or Xbal and used as a 
template for run-off transcription with either T7 RNA polymerase or T3 RNA 
polymerase. The T3 transcript was synthesized in the presence of 2 pCi of 
[a- 32 P]CTP per pi (800 Ci/mmol). 

For 3'-RNA2, two synthetic oligonucleotides, 3'-R2a [5'-CACTCCC-d(pT) 15 - 
AAA-3'] and 3'-R2b [5'-TTT-d(pA) 15 -GGGAGTGAGCT-3'], were annealed, 
phosphorylated with T4 polynucleotide kinase, and ligated with the larger frag¬ 
ment of Sfld-EcoRV-digested pBluescript II KS(+) DNA. The resultant plasmid 
was linearized with Dial and used as the template for run-off transcription with 
T7 RNA polymerase. For the preparation of the partially complementary RNA 
strand, two oligonucleotides, 3'-R2c (5'-CGCGCGTAATACGACTCACTATA 
GGGAGTGAGCTCCAATTCGCCCGGG-3') and 3'-R2d (5'-CGCGCCCGG 
GCGAATTGGAGCTCACTCCCTATAGTGAGTCGTATTACG-3'), were an¬ 
nealed, phosphorylated, and ligated with the larger fragment of RwHII-digested 
pBluescript II KS(+) DNA. The resultant plasmid was linearized with Smal and 
used as the template for run-off transcription with T7 RNA polymerase in the 
presence of 2 pCi of [a- 32 P]CTP per pi (800 Ci/mmol). 

In vitro-transcribed RNA was purified by phenol-chloroform extraction and 
gel filtration chromatography using Micro Bio-Spin 6 columns (Bio-Rad Labo¬ 
ratories, Munich, Germany). The RNA duplex was produced by annealing a 
mixture of two RNAs with a 10-fold excess of unlabeled RNA over [a- 32 P]CTP- 
labeled RNA in buffer E (25 mM HEPES-KOH[pH 7.4], 500 mM NaCl, 1 mM 
EDTA, 0.1% [wt/vol] sodium dodecyl sulfate [SDS]). The reaction mixture was 
denatured for 5 min at 95°C and slowly cooled to room temperature. 

To produce duplex DNA substrates, two synthetic oligonucleotides (HPSF 
quality; MWG-Biotech, Munich, Germany) were annealed as described above. 
Oligonucleotides were labeled with [y- 32 P]ATP (3,000 Ci/mmol) using T4 poly¬ 
nucleotide kinase. The labeled DNA was purified by phenol-chloroform extrac¬ 
tion and gel filtration chromatography using Micro Bio-Spin 6 columns. 

For DNA-0, the radioactively labeled oligonucleotide DR (5'-GGTGCAGC 
CGCAGCGGTGCTCG-3') and oligonucleotide D1 (5'-CGAGCACCGCTGC 
GGCTGCACC-3') were annealed. This substrate contained no single-stranded 
regions. For 5'-3'-DNA-T30, the radioactively labeled oligonucleotide D2 [5'- 
GGTGCAGCCGCAGCGGTGCTCG-d(pT) 30 -3'] and oligonucleotide D3 [5'- 
d(pT) 30 -CGAGCACCGCTGCGGCTGCACC-3'] were annealed. This twin- 
tailed (“forked”) substrate contained 5' and 3' single-stranded regions on one 
end of the partial duplex DNA. For 5'-DNA-3'-T30, the radioactively labeled 
oligonucleotide DR and oligonucleotide D4 [5'-d(pT) 30 -CGAGCACCGCTGC 
GGCTGCACC-d(pT) 30 -3'] were annealed. This substrate contained 5' and 
y single-stranded regions at opposite ends of the partial duplex DNA. For 
3'-DNA-T30, the oligonucleotide D1 and the radioactively labeled oligonucleo¬ 
tide D2 were annealed. For 5'-DNA-T30, the radioactively labeled oligonucle¬ 
otide DR and oligonucleotide D3 were annealed. 

Duplex-unwinding assay. MBP-nsplO or MBP-nsplO-KQ was incubated in a 
volume of 40 pi with 90 fmol of partial-duplex-RNA or 25 fmol of partial-duplex- 
DNA substrates for 30 min at 30°C in a buffer containing 20 mM HEPES-KOH 
(pH 7.4), 5 mM ATP, 10% glycerol, 5 mM magnesium acetate, 2 mM dithio¬ 
threitol, and 0.1 mg of bovine serum albumin per ml. The NaCl concentration in 
the reactions, resulting from substrate and protein storage buffers, was 25 mM. 
The reactions were stopped by the addition of 10 pi of 5% SDS-15% Ficoll-100 
mM EDTA-0.25% bromphenol blue dye. The reaction products were separated 
on 10 to 20% gradient polyacrylamide-1 X TBE gels (acrylamide/bisacrylamide 
ratio, 19 to 1) at 4 W until the bromophenol blue dye approached the bottom of 
the gel. The gels were exposed to X-ray film at — 70°C. 


RESULTS 

Bacterial expression and purification of recombinant nsplO 
proteins. We have chosen a bacterial expression system to 
synthesize the EAV nsplO protein in sufficient amounts for 
enzymatic studies. The nsplO sequence was amino terminally 
fused to the MBP of E. coli, which allowed for the purification 
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FIG. 1. Purification of MBP-nsplO and MBP-nsplO-KQ from E. coli lysates. 
The MBP fusion proteins were purified by affinity chromatography as described 
in Materials and Methods. An SDS-10% polyacrylamide gel stained with Coo- 
massie brilliant blue dye is shown, and the position of the recombinant 93-kDa 
proteins is indicated by an arrowhead. Lanes: M, protein molecular mass mark¬ 
ers (with masses, in kilodaltons, indicated on the left); 1, total lysate from E. coli 
cells transformed with pMal-nsplO; 2, total lysate from IPTG-induced E. coli 
cells transformed with pMal-nsplO; 3, 3 |jig of amylose affinity-purified MBP- 
nsplO protein; 4, total lysate from E. coli cells transformed with pMal-nsplO-KQ; 

5, total lysate from IPTG-induced E. coli cells transformed with pMal-nsplO-KQ; 

6, 3 |xg of amylose affinity-purified MBP-nsplO-KQ protein. 


of the MBP-nsplO fusion protein by amylose affinity chroma¬ 
tography. Also, a mutant protein of MBP-nsplO was produced 
in which Gin was substituted for the Walker A box (59) Lys- 
2534 residue of the EAV ORFlab protein. This control pro¬ 
tein was called MBP-nsplO-KQ. It should be noted that, in the 
context of the infectious EAV cDNA clone (53), this Lys-to- 
Gln substitution in nsplO has proven to completely abolish 
viral RNA synthesis (L. C. van Dinten and E. J. Snijder, un¬ 
published data). The expression of the recombinant proteins 
was analyzed by SDS-polyacrylamide gel electrophoresis and 
Western blotting. After induction of recombinant protein ex¬ 
pression with IPTG, lysates from both TBl(pMal-nsplO) and 
TBl(pMal-nsplO-KQ) cells contained an abundant protein 
that was absent in lysates from noninduced cells (Fig. 1, lanes 
1, 2, 4, and 5). The migration of the IPTG-induced proteins in 
SDS gels corresponded well to the calculated molecular masses 
of the MBP-nsplO and MBP-nsplO-KQ fusion proteins (93 
kDa). The identity of the recombinant fusion proteins was 
unequivocally confirmed by Western blotting using the nsplO- 
specific rabbit antiserum aB2 (data not shown), which recog¬ 
nizes the amino acids 2812 through 2827 of the EAV ORFlab 
protein (56). The Western blot data also revealed a slight 
intracellular degradation of both MBP-nsplO and MBP-nsplO- 
KQ (data not shown). Obviously, some degradation products 
have been copurified by the amylose affinity purification pro¬ 
cedure used in this study (Fig. 1, lanes 3 and 6). Protein ex¬ 
pression at 24°C provided sufficient amounts of soluble protein 
and thus allowed the use of a nondenaturing-purification pro¬ 
tocol (Fig. 1, lanes 3 and 6). Routinely, about 6 mg of partially 
purified protein was obtained from a 400-ml culture volume. 
Attempts to release the authentic EAV nsplO domain from 
MBP by endoproteinase Xa treatment failed; even after pro¬ 
longed incubation, only minor portions of the fusion proteins 
were cleaved. Nevertheless, since a number of helicases have 
proven to be enzymatically active as MBP fusion proteins (4, 
23, 43), we decided to use the intact fusion proteins for further 
biochemical analysis. 

MBP-nsplO has ATPase and GTPase activities that are 
strongly stimulated by specific types of polynucleotides. We 

first used the MBP-nsplO protein to examine its predicted 
ATPase activity. In the experiment shown in Fig. 2, we were 


able to demonstrate that ATP is hydrolyzed by MBP-nsplO, 
albeit with low efficacy. However, if the assay was done in the 
presence of 1 or 150 p,g of poly(U) per ml (Fig. 2, lanes 4 and 
5, respectively), a strong stimulation of the ATPase activity 
of MBP-nsplO was observed. In contrast, if either the MBP- 
nsplO-KQ protein or no protein at all was used, nearly no ATP 
hydrolysis was detectable. These data clearly support the pre¬ 
sumed but never demonstrated ATPase activity of nsplO. The 
apparent lack of ATPase activity in the MBP-nsplO-KQ pro¬ 
tein suggests an indispensability of Lys-2534 for nsplO activity. 
This result is consistent with previous mutagenesis studies that 
have implicated equivalent Lys residues of the Walker A motif 
in the function of numerous helicase-associated NTPase activ¬ 
ities (reviewed in 20). Furthermore, it strongly suggests that 
the observed ATPase activity is mediated by MBP-nsplO 
rather than any impurity of the preparations and that MBP- 
nsplO-KQ would be an appropriate control in subsequent ex¬ 
periments. 

An additional set of experiments revealed that MBP-nsplO 
hydrolyzed ATP and GTP with comparable efficacies (data not 
shown) and that the nsplO NTPase activity depends on the 
presence of divalent cations. Thus, no NTPase activity was 
detected if the reaction lacked magnesium ions or if EDTA 
was added in millimolar amounts (data not shown). Divalent 
cations have also been shown to be required in many other 
helicase-associated NTPase activities (32). 

Stimulation of NTPase activity by nucleic acids is an intrinsic 
property of most helicases (32), and our initial poly(U) stim¬ 
ulation data (see above) suggested that this may also be the 
case for the nsplO NTPase activity. We therefore examined 
the effect of different DNA and RNA polynucleotides on the 
ATPase activity of MBP-nsplO in more detail (Table 1). The 
assays were done in buffer N containing 600 fmol of MBP- 
nsplO. The reactions also contained 2 mM sodium chloride 
that originated from the protein storage buffer. ATP hydrolysis 
was measured by phosphorimaging of the reaction products 
following thin-layer chromatography. The ATPase activity in 
the absence of polynucleotides was taken to be 1.0, and all 
other activities were normalized to this value. Also, the data 
were collected prior to 20% substrate depletion to obtain ini¬ 
tial hydrolysis velocities. The data summarized in Table 1 show 
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FIG. 2. ATPase activity of MBP-nsplO. The ATPase activity was analyzed by 
thin-layer chromatography using [y- 32 P]ATP as a substrate as described in Ma¬ 
terials and Methods. The positions of ATP and inorganic phosphate (Pj) are 
indicated. Lanes: 1, reaction without protein; 2, reaction containing 600 fmol of 
MBP-nsplO; 3, reaction containing 600 fmol of MBP-nsplO-KQ; 4, reaction 
containing 600 fmol of MBP-nsplO and 1 |xg of poly(U) per ml; 5, reaction con¬ 
taining 600 fmol of MBP-nsplO and 150 |xg of poly(U) per ml; 6, reaction 
containing 600 fmol of MBP-nsplO-KQ and 150 |xg of poly(U) per ml. 
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TABLE 1. Effect of polynucleotides on the ATPase 
activity of MBP-nsplO 

Relative 

Polynucleotide ATPase 

activity" 


None. 1 

Poly(U).18 

Poly(A). 4 

Poly(C). 3 

Poly(G). 1 

tRNA. 2 

Poly(dT).20 

Poly (d A).15 


a The enzymatic activity without added polynucleotides was taken to be 1.0, 
and all other activities were normalized to this value. Each value represents the 
average of three independent determinations, which did not vary by more than 
20 %. 


that poly(dA), poly(U), and poly(dT) were the strongest stim¬ 
ulators of the MBP-nsplO-associated ATPase activity with a 
15- to 20-fold increase of the basal activity (Table 1). Poly(A), 
poly(C) and tRNA stimulated the ATPase activity to a lesser 
extent, and poly(G) was inactive. The calculation of the specific 
activity of MBP-nsplO in the presence of the strongest stimu¬ 
lator, poly(dT), revealed that 1 pmol of MBP-nsplO hydrolyzed 
0.5 nmol of ATP per min. The extent of ATPase stimulation by 
specific polynucleotides is similar to that reported for RNA 
virus SF2 helicases (27) but stands in sharp contrast to most 
other RNA virus SF1 helicases, in which stimulatory effects of 
not more than twofold have been reported (18, 26, 42). The 
only RNA virus SF1 helicase for which comparably high stim¬ 
ulatory effects of polynucleotides on the ATPase activity have 
been found is the human coronavirus helicase (46). 

Effects of increasing salt concentrations on MBP-nsplO 
ATPase activity. Variations of the salt concentration are known to 
strongly influence the stability and kinetics of protein-nucleic 
acid interactions (33). Probably an increase in cation concen¬ 
tration decreases the gain of entropy that normally occurs 
upon cation release during complex formation. To study the 
effects of varying the salt concentration on both the basal and 
the poly(U)-stimulated MBP-nsplO ATPase activity, the extent 
of ATP hydrolysis at increasing potassium chloride concentra¬ 
tions was determined. In these experiments, the maximal ex¬ 
tent of substrate hydrolysis (in the absence of salt) was set to be 
50%, which still allowed the reliable detection of strongly re¬ 
duced ATPase activities at high salt concentrations. Because 
of the low ATPase activity in the absence of polynucleotides, 
the reactions without poly(U) were incubated with 4 pmol of 
MBP-nsplO, whereas the reactions containing poly(U) were 
incubated with 250 fmol of MBP-nsplO. Due to the transfer of 
sodium chloride from the protein storage buffer, the reactions 
contained different amounts of sodium chloride [16 mM NaCl 
versus 1 mM NaCl in the reactions without and with poly(U), 
respectively]. The ATPase activity in the absence of potassium 
chloride was taken to be 100%, and all other activities were 
normalized to this value. The basal ATPase activity of MBP- 
nsplO in the absence of poly(U) was not significantly affected 
by up to 250 mM potassium chloride concentrations and still 
retained 80% activity at 500 mM potassium chloride (data not 
shown). In contrast, the poly(U)-stimulated ATPase activity of 
MBP-nsplO proved to be extremely sensitive to increasing salt 
concentrations. The data summarized in Fig. 3 clearly indicate 
that monovalent-cation concentrations above 20 to 25 mM 
significantly inhibited the enzymatic activity. 


RNA duplex-unwinding activity of MBP-nsplO. A standard 
in vitro assay (35) was used to analyze the RNA helicase ac¬ 
tivity of MBP-nsplO. The test substrates consisted of two par¬ 
tially complementary RNA strands of which one was radiola¬ 
beled. The substrates were incubated with MBP-nsplO and the 
ATPase-deficient MBP-nsplO-KQ protein, respectively, in a 
buffer containing ATP and magnesium. The separation of the 
partial-duplex substrate into single-stranded reaction products 
was examined by nondenaturing gel electrophoresis. 

Helicases bind to the single-stranded tail of their partial- 
duplex substrates with a specific orientation with respect to the 
polarity of the sugar-phosphate backbone. This property de¬ 
termines the directionality (or polarity) of the duplex-unwind¬ 
ing reaction and allows for the classification into 3'-to-5' heli¬ 
cases and 5'-to-3' helicases (32). In a first set of experiments, 
we used partial-duplex RNA substrates carrying different sin¬ 
gle-stranded regions. The first substrate, 5'-RNA2, consisted 
of a 22-nucleotide (nt) duplex and two 5' single-stranded re¬ 
gions of 21 and 7 nt at opposite ends of the substrate. The 21-nt 
tail essentially consisted of oligo(U). The second substrate, 
3'-RNA2, also contained a 22-nt duplex region, but had a 
3'-single-stranded region, consisting of oligo(U) 15 . Sub¬ 
strates incubated with buffer (Fig. 4, lanes 1 and 6) as well as 
heat-denatured substrates (Fig. 4, lanes 2 and 7) were used as 
size markers to localize the duplex RNA substrates and the 
displaced, radiolabeled single-stranded RNA products. As Fig. 
4 shows, MBP-nsplO was able to unwind the 5'-tailed 5'-RNA2 
(lane 4) but not the 3'-tailed 3'-RNA2 (lane 9). The helicase 
activity required the presence of ATP (Fig. 4, cf. lanes 3 and 4) 
or GTP (data not shown), which is consistent with previous 
results showing that helicase-catalyzed unwinding of nucleic 
acids is an energy-dependent process (31, 35). Accordingly, the 
NTPase-deficient control protein MBP-nsplO-KQ completely 
lacked helicase activity (Fig. 4, lanes 5 and 10). The combined 
data led us to conclude that the MBP-nsplO protein has RNA 
duplex-unwinding activity and operates with 5'-to-3' polarity. 



FIG. 3. Effect of increasing monovalent-cation concentration on the 
poly(U)-stimulated ATPase activity of MBP-nsplO. The ATPase activity was 
analyzed by thin-layer chromatography using [y- 32 P]ATP as a substrate as de¬ 
scribed in Materials and Methods and quantified by phosphorimaging. The 
poly(U)-stimulated ATPase activity in the absence of potassium chloride was 
taken to be 100%, and all other activities were normalized to this value (see text 
for details). 
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FIG. 4. MBP-nspIO 5'-to-3' RNA duplex-unwinding activity. Reaction conditions were as described in Materials and Methods with approximately 90 fmol of RNA 
substrate per reaction. The structures of the substrates are shown schematically with the radiolabeled strands marked by asterisks. The reaction products were separated 
on nondenaturing, 10 to 20% gradient polyacrylamide gels. The positions of the partially double-stranded substrates (dsRNA) and the displaced monomeric products 
(ssRNA) are indicated. Lanes: 1, incubation of 5'-RNA2 without protein; 2, heat-denatured 5'RNA2; 3, incubation of 5'-RNA2 with 3 pmol of MBP-nspIO in the 
absence of ATP; 4, incubation of 5'-RNA2 with 3 pmol of MBP-nspIO in the presence of 5 mM ATP; 5, incubation of 5'-RNA2 with 3 pmol of MBP-nsplO-KQ in the 
presence of 5 mM ATP; 6, incubation of 3'-RNA2 without protein; 7, heat-denatured 3'-RNA2; 8, incubation of 3'-RNA2 with 3 pmol of MBP-nspIO in the absence 
of ATP; 9, incubation of 3'-RNA2 with 3 pmol of MBP-nspIO in the presence of 5 mM ATP; 10, incubation of 3'-RNA2 with 3 pmol of MBP-nsplO-KQ in the presence 
of 5 mM ATP. 


DNA duplex-unwinding activity of MBP-nspIO. As shown in 
Table 1, the ATPase activity of MBP-nspIO was strongly stim¬ 
ulated by the DNA homopolymers poly(dT) and poly(dA). 
These data prompted us to analyze the unwinding activity of 
MBP-nspIO on duplex DNA substrates. The DNA substrates 
we used had identical 22-bp duplex regions to which (except 
for the completely double-stranded substrate DNA-0) 30-nt- 
long, single-stranded oligo(dT) tails were attached at different 
positions. 

The data presented in Fig. 5 show that MBP-nspIO was able 
to unwind substrates containing 5' single-stranded tails alone 
or in combination with 3' single-stranded tails, irrespective of 
whether they were present on the same end or on opposite 
ends of the substrate (Fig. 5, lanes 7, 11, and 19). In contrast, 
if the DNA substrates contained only a 3' tail or no single- 
stranded tail, they were not unwound by MBP-nspIO (Fig. 5, 
lanes 3 and 15). As expected, the ATPase-deficient MBP- 
nsplO-KQ protein was not able to unwind any of the substrates 
(Fig. 5, lanes 4, 8, 12, 16, and 20). 

The forked substrate 5'-3'-DNA-T30, which carries 5' and 3' 
single-stranded tails on the same end of the duplex, appeared 
to be more readily unwound by MBP-nspIO than the substrates 
5'-DNA-3'-T30 and 5'-DNA-T30 (Fig. 5, cf. lanes 7, 11, and 
19). To determine whether this substrate is indeed more 
readily unwound by MBP-nspIO or, alternatively, whether dif¬ 
ferent reannealing kinetics are responsible for the observed 
difference, we analyzed the reannealing kinetics of the DNA 
substrates 5'-3'-DNA-T30 and 5'-DNA-T30 after strand sep¬ 
aration. To this end, both DNA substrates were denatured 


(95°C, 5 min) and subsequently placed on ice for 10 min. The 
denatured substrates were then subjected to a standard heli- 
case assay without MBP-nspIO, and the reaction products were 
analyzed by nondenaturing gel electrophoresis. Quantitation 
of the double-stranded and single-stranded forms of the two 
substrates by phosphorimaging revealed that 90% of the DNA 
substrate 5'-3'-DNA-T30 but only 75% of DNA substrate 5'- 
DNA-T30 had remained single stranded (data not shown). We 
concluded from this experiment that substrate 5'-DNA-T30 
reanneals more rapidly than the twin-tailed 5'-3'-DNA-T30. 
We therefore consider it likely that the apparently incomplete 
unwinding of the 5'-DNA-3'-T30 and 5'-DNA-T30 substrates 
reflects a rapid reannealing of the separated strands rather 
than a low activity of MBP-nspIO on these substrates. 

In summary, the data suggest that the DNA duplex-unwind¬ 
ing activity strictly depends on the presence of 5' single- 
stranded tails, which again supports the conclusion that EAV 
nsplO is a helicase with 5'-to-3' polarity. 

DISCUSSION 

Although more than a decade ago a large number of RNA 
virus families were predicted to encode SF1 helicases (13, 16), 
no convincing evidence for duplex-unwinding activity has been 
obtained for most of these proteins. Therefore, their functional 
assignment as true helicases has been questioned, and alterna¬ 
tive functions have been considered for these proteins (27). 
The identification of duplex-unwinding activities for three of 
these proteins, the Semliki Forest virus nsp2 protein (11), the 
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FIG. 5. MBP-nsplO 5'-to-3' DNA duplex-unwinding activity. Reaction conditions were as described in Materials and Methods with approximately 25 fmol of DNA 
substrates per reaction. The structures of the substrates are shown schematically with the radiolabeled strands marked by asterisks. With the exception of DNA-0, which 
was entirely double-stranded, the substrates consisted of identical 22-bp duplexes to which 30-nt-long, single-stranded oligo(dT) tails were attached at different 
positions. The reaction products were separated on nondenaturing, 10 to 20% gradient polyacrylamide gels. Lanes: 1, 5, 9, 13, and 17, reactions without protein; 2, 6, 
10, 14, and 18, heat-denatured DNA substrates; 3, 7, 11, 15, and 19, reactions containing 2 pmol of MBP-nsplO; 4, 8, 12, 16, and 20, reactions containing 2 pmol of 
MBP-nsplO-KQ. 


HCoV helicase (46), and the EAV nsplO (this study), provides 
clear biochemical evidence for the early sequence-based pre¬ 
dictions and strongly suggests that other RNA virus helicases 
of SF1 may also represent duplex-unwinding enzymes. The 
recently observed preference of the HCoV helicase for pyrim¬ 
idine-tailed substrates (46), however, supports the idea that at 
least some of these proteins may require specific substrates to 
display their helicase activities. 

The characterization of its ATPase and helicase activities 
revealed that nsplO shares a number of biochemical properties 
with the HCoV helicase. First, and probably most importantly, 
nsplO and the HCoV helicase share a 5'-to-3' polarity in their 
unwinding reactions, whereas all RNA virus SF2 enzymes an¬ 
alyzed to date operate in 3'-to-5' direction (reviewed in 27). 
This finding implies that nidovirus helicases bind to the 5' 
single-stranded region of a partial duplex RNA and unwind 
this duplex in a 5'-to-3' direction with respect to the RNA 
strand used for entry. Even though the 5'-to-3' polarity has 
now been demonstrated for two RNA viral enzymes of SF1, it 
is certainly premature to propose a 5'-to-3' polarity for all 
RNA virus SF1 helicases. In this respect, it should be kept in 
mind that there are many cellular and DNA virus SF1 helicases 
with proven 3'-to-5' directionality (15). Also, recent studies on 
molecular motors of the kinesin superfamily have shown that 
the specific arrangement of a motor domain and its associated 
accessory domain(s) (rather than the intrinsic properties of the 
motor domain itself) determines the polarity of translocation 
(21), and it has been speculated that this model may also apply 
to the function of helicases (2). 

Second, both proteins were strongly stimulated by a nearly 
identical range of polynucleotides, with poly(U), poly(dT), and 


poly(dA) being the most active cofactors. In contrast, none of 
the enzymes was stimulated by poly(G). The levels of stimula¬ 
tion were surprisingly high in both enzymes (up to 50-fold in 
the HCoV helicase and up to 20-fold in nsplO). Thus, the 
values substantially surpassed the stimulatory effects reported 
for the ATPase activities of other RNA virus SF1 helicases (18, 
26, 42). The stimulation of the ATPase activity upon binding to 
single-stranded nucleic acid most likely reflects a conforma¬ 
tional change in nsplO, stabilizing the bound ATP molecule in 
a conformation that is required for rapid hydrolysis. This con¬ 
formational change has long been proposed to occur in most 
NTPases, and recently it was indeed verified by structural data 
(51). The poly(U)-stimulated ATPase activity of nsplO proved 
to be extremely sensitive to increasing salt concentrations. Sim¬ 
ilar results have also been obtained for other virus-encoded, 
helicase-associated NTPase activities (10, 60, 61). At least in 
some cases, direct evidence was obtained to show that, even in 
the presence of very low concentrations of monovalent cations, 
the binding of a given enzyme to nucleic acid was significantly 
reduced (10). The fact that the basal NTPase activity of nsplO 
was not significantly affected by moderate salt concentrations 
(up to 250 mM) suggests that the overall conformation of 
nsplO was maintained at this ionic strength. We therefore 
interpret the data to show that monovalent cations interfere 
with the binding of nsplO to its nucleic acid cofactor, which, in 
turn, prevents the enzyme from assuming the specific confor¬ 
mation required for effective ATP hydrolysis. Since the phys¬ 
iological ionic strength in the cytoplasm is about 150 mM, it is 
likely that the functionality of nsplO in vivo is maintained by a 
specific microenvironment. NsplO has been shown to be part of 
the viral replication complex (56), and it is conceivable that 


Downloaded from http://jvi.asm.org/ on March 13, 2015 by MCMASTER UNIVERSITY 










9592 


SEYBERT ET AL. 


J. Virol. 


specific protein-protein interactions in conjunction with mem¬ 
branes may exclude salt from the immediate environment of 
the helicase or change the salt sensitivity of the enzyme. 

Third, it appears that the substrate-binding pockets of both 
nsplO and the HCoV helicase do not significantly discriminate 
between RNA and DNA. This conclusion is supported by the 
observation that both RNA and DNA homopolymers were 
able to stimulate the ATPase activities of nsplO and the HCoV 
helicase. Similarly, both RNA and DNA duplexes are readily 
unwound by the two enzymes. The nidovirus enzymes share 
this lack of specificity with only a few other helicases (1, 19, 28, 
45, 62), whereas the majority of helicases act very specifically 
on either DNA or RNA. 

It should be noted here that the similarity between the EAV 
and HCoV helicases is not restricted to their common bio¬ 
chemical properties. There are additional peculiarities that 
support a close phylogenetic and functional relationship be¬ 
tween these enzymes. First, both the arterivirus and the coro- 
navirus helicases are localized downstream of the polymerase 
domain in the viral polyprotein, an arrangement that is ex¬ 
tremely unusual among positive-strand RNA viruses, where 
the helicase generally precedes the polymerase domain (29). 
Second, both the arterivirus and the coronavirus helicases are 
combined with supergroup 1 polymerases, whereas all other 
RNA viral SF1 helicases are combined with polymerases of 
supergroup 3 (29). And third, both enzymes use a combination 
of an amino-terminal Zn finger domain and a downstream SF1 
helicase domain (6, 7, 17, 23, 56). Taken together, these ob¬ 
servations lead us to suggest that the two nidovirus proteins are 
closely related and can be expected to have similar functions in 
the virus life cycle. Also, the data provide additional support 
for a common ancestry of the nidovirus replicase genes as 
previously postulated on the basis of sequence comparison data 
(6). Obviously, the conserved 5'-to-3' polarity of the arteri- and 
coronavirus helicases stands in contrast to the 3'-to-5' polarity 
of RNA virus SF2 helicases, suggesting that the nidovirus en¬ 
zymes may have functions that fundamentally differ from the 
distantly related SF2 helicases of the poty-, flavi- and pestilike 
viruses. 

In the EAV reverse genetic system (53), it has recently been 
demonstrated that the nsplO-associated Zn finger domain is 
a multifunctional protein that is specifically involved in such 
different processes as genome replication, sg mRNA tran¬ 
scription, and virion biogenesis (55). The bacterial expres¬ 
sion system described in this study can be expected to provide 
a valuable tool in the functional and, possibly, structural char¬ 
acterization of nsplO. Furthermore, the in vitro DNA helicase 
activity of nsplO allows for the use of DNA substrates and will 
thus greatly facilitate the detailed analysis of the substrate 
specificity of nsplO. Obviously, one of our primary goals will be 
to examine the functional relevance of the Zn finger structure 
and the hinge spacer region, which connects the Zn finger and 
the helicase domain, to the enzymatic activities of nsplO. As a 
first step towards this goal, mutant forms of nsplO will be 
characterized, and we hope that, in combination with the in 
vivo data reported recently (55), these studies will provide 
clues to the understanding of the physical interactions between 
the individual subdomains of nsplO. 
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